Chromosomal INstability (CIN), a hallmark of cancer, refers to cells with an increased rate of gain or loss of whole chromosomes or chromosome parts. CIN is linked to the progression of tumors with poor clinical outcomes such as drug resistance. CIN can give tumors the diversity to resist therapy, but it comes at the cost of significant stress to tumor cells. To tolerate this, cancer cells must modify their energy use to provide adaptation against genetic changes as well as to promote their survival and growth. In this study, we have demonstrated that CIN induction causes sensitivity to metabolic stress. We show that mild metabolic disruption that does not affect normal cells, can lead to high levels of oxidative stress and subsequent cell death in CIN cells because they are already managing elevated stress levels. Altered metabolism is a differential characteristic of cancer cells, so our identification of key regulators that can exploit these changes to cause cell death may provide cancer-specific potential drug targets, especially for advanced cancers that exhibit CIN.
INTRODUCTION
Chromosomal INstability (CIN), a common feature of malignant tumors, 1,2 is defined as the ongoing propensity of a cell to gain or lose whole or parts of chromosomes with each cell division. The resulting aneuploidy can influence tumor evolution. [3] [4] [5] [6] [7] Continuous chromosomal reshuffling and high mutation rates lead to heterogeneity, which can produce cells with a growth advantage, adaptation to the environment and resistance to conventional chemotherapies. 5, 8 CIN is also linked to metastasis and low survival rates in cancer patients. 9 Furthermore, a high level of CIN is a characteristic of cancer cells that is not common in normal cells, so CIN could potentially be used as a tumor-specific target for therapy. Consequently, there is a strong need to explore the mechanism by which CIN is acquired by cancer cells and how it affects tolerance and adaptation to cellular and environmental stresses.
We have previously used an induced-CIN model in Drosophila to carry out a genetic screen to identify genes that, when knocked down, induce cell death specifically in CIN cells and thus represent potential therapeutic targets for advanced tumors. 10 We induced chromosomal instability by weakening the spindle checkpoint, using mad2
RNAi , which shortens mitosis and gives less time to correct any chromosome misorientation at metaphase 11 resulting in a significantly higher rate of chromosome segregation errors, that is, CIN. 10 That screen tested all the kinases and phosphatases in Drosophila to identify candidates whose knockdown could trigger apoptosis in cells with induced CIN, while not killing control cells without CIN. 10 The kinome was tested as phosphorylation regulates key processes such as proliferation and survival, and because kinases make good drug targets. A set of genes was identified that affected the survival of CIN cells without affecting the levels of chromosomal instability. Among these were some metabolism-related kinases (PAS kinase (PASK), phosphofructokinase), which were of particular interest because altered metabolism is a hallmark cancer cells. 12 Metabolism in cancer cells is reprogrammed both by mutational regulation of certain metabolic enzymes and by oncogene signalling. [13] [14] [15] These modifications in metabolic machinery provide advantages over normal cells in terms of cellular growth, proliferation and resistance to cellular and environmental stresses. 16 In addition, there has been a longstanding interest in using differences in metabolism as a potential target to specifically kill cancer cells. [17] [18] [19] [20] [21] [22] [23] These considerations led us to investigate whether CIN cells might be particularly sensitive to metabolic changes. Here we describe a screen for known metabolic candidates from a range of major metabolic pathways, to identify whether these could be targeted to induce CIN-specific cell death without affecting normal cells. We find that several metabolic pathways can impact CIN cell survival, particularly those affecting mitochondrial output and effective antioxidant responses. We demonstrate that mad2 knockdown, which leads to CIN and aneuploidy, 10 also results in metabolic stress and sensitivity to alterations in oxidative stress response genes. We propose, therefore, that CIN cells are close to the limits of redox tolerance, and so are unable to effectively buffer further oxidative stress. Knockdown of our metabolic candidates led to elevated levels of energy use, increased mitochondrial output and the production of reactive oxygen species. In CIN cells, this resulted in oxidative damage, DNA double-strand breaks and apoptosis, suggesting that increased metabolic flux represents a promising opportunity for selectively targeting CIN cells.
RESULTS
Screening metabolic pathways for CIN-specific lethality Previous screening of kinases and phosphatases identified a metabolic regulatory gene (PASK) that could be targeted to promote cell death in cells with induced CIN. 10 That screening induced CIN via knockdown of Mad2 to give a viable phenotype with approximately 25% of anaphases defective. PASK knockdown greatly increased cell death levels in CIN cells without significantly altering the CIN levels. 10 PASK was known to affect glucose usage, 24 ,25 but had not previously been implicated in cell death or proliferation. In order to further explore metabolic pathways that could be involved in regulating the fate of CIN cells, we tested 93 genes (Supplementary Table 1 ) from across the range of known metabolic pathways by a similar screening method. 10 Using ubiquitous (daughterless4gal4) driver for a RNA interference (RNAi)-based gene knockdown, we found that 22 out of the 93 gene knockdowns gave strongly decreased (o50%) survival of CIN flies compared with non-CIN control siblings, which suggested that CIN cells are sensitive to certain metabolic disruptions, whereas others have no effect. The metabolic candidates identified from these screens are listed in Table 1 along with their functional associations, especially in terms of stress-related responses. The full list of genes screened is given in Supplementary Table 1 .
Screening for cell death/apoptosis Acridine orange staining was used to test whether knockdown of the selected candidates led to cell death specifically in cells with induced CIN. We used tissue-specific RNAi expression to knock down these metabolic genes in a proliferating tissue: the third instar larval wing disc (using engrailed4gal4 driver) with or without induced CINchromosomal instability as described previously. 10 We detected little or no cell death in the control (empty vector) discs or in control discs with induced-CIN (mad2 RNAi ; Figure 1a ). Similarly, knockdown of a metabolic gene alone (pask RNAi ) also induced little or no cell death. In contrast, double knockdown of our metabolic candidate with Mad2 gave significant levels of cell death (Figure 1a-iv) . Quantitation of the cell death signal from a range of metabolic candidates with and without CIN (Figure 1b) showed strong induction of CIN-specific cell death. Representative images of the Acridine Orange staining on all candidates are shown in Supplementary Figure 1 . These results showed that metabolic candidate knockdowns led to significant increases in CIN-specific cell death compared with negative controls, consistent with the CIN-specific lethality observed for these knockdowns in the original screen (Supplementary Table 1 ). Candidates such as PASK, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphate dehydrogenase (G6PD) affect glucose usage; Catalase (Cat) and superoxide dismutase (Sod1) affect oxidative stress responses and isocitrate dehydrogenase (Idh) and Wwox effects include the tricarboxylic acid cycle cycle, 25-27 so we have found that a range of metabolic processes can impact on CIN cell survival.
We have previously demonstrated that the CIN-specific cell death induced by several candidate knockdowns was brought about by the onset of apoptosis. 10, 28 To test whether metabolic disruption also induced apoptosis in CIN cells, we tested for cleaved caspase-3 staining in pask RNAi mad2 RNAi cells, which confirmed the induction of CIN-specific apoptosis (Figure 1c ). Cell death assays on Pask knocked down in different CIN models, that is, BubR1, 10 Rb and Rad21 (Supplementary Figure 2) gave similar increases in CIN-specific cell death. The reproducible effect of metabolic intervention on multiple CIN models reinforces the robust nature of this interaction and makes it unlikely to be a result of off-target effects.
Nutrient use
We identified candidates that are thought to affect nutrient usage through glycolysis, gluconeogenesis and the pentose phosphate pathway, so we sought to understand their common effect on CIN cells in terms of energy metabolism. Vertebrates store lipid and glycogen in the liver as energy sources that can be utilized in case of nutrient shortage. In Drosophila, the fat body serves as storage for glycogen and lipids. The amount of lipid stored in fat body cells can be monitored by staining them with Nile red stain. 29 In starved conditions, knockdown of our metabolic candidates showed significantly less lipid storage compared with fed controls and starved wild-type control (Table 2, Supplementary Figure 3) ; the knockdown animals can also be noticeably lean and translucent with smaller fat cells. This inability to retain energy stores under starvation suggests higher energy usage, and is consistent with PASK-deficient mice, which have increased glucose use and lower lipid storage. 30 Increased energy usage can be detrimental to cells, causing mitochondrial defects and cell stress, 31 so that led us to test whether the CIN-specific death caused by these metabolic knockdowns might be related to mitochondrial stress.
Mitochondrial stress
Mitochondria are the powerhouse of the cell, and during the process of energy production they generate reactive oxygen species (ROS), which, if not neutralized, cause oxidative damage to proteins, lipids and DNA. 32 Damaged or defective mitochondria have a decreased membrane potential and fail to sequester the positively charged dye tetramethylrhodamine ethyl ester (TMRE), as shown by knockdown of the mitochondrial complex I gene ND42 (Figure 2b ). In contrast, over-active mitochondria are hyperpolarized and accumulate more TMRE than normal mitochondria as shown by blocking ATP translocation using sesB RNAi (Figure 2c ). Single knockdown of selected metabolic candidates did not alter levels of accumulation of TMRE (Figures 2d and j) . In contrast, knockdown of candidates in induced-CIN cells showed significantly higher levels of TMRE accumulation (Figures 2d'-g' ) compared with the WT region and normal controls (Figure 2a' ). To test whether this increase in TMRE is due to increased membrane Third instar larval wing discs were stained for apoptosis using cleaved caspase 3 antibodies. As in a, genotypes tested were (i) negative control (en4lacZ
RNAi mad2 RNAi , (iii) en4pask RNAi and (iv) en4pask RNAi mad2 RNAi . Caspase-driven apoptosis was detected when Pask was depleted in CIN cells. Contrast, brightness and gamma levels were adjusted to show tissue outlines.
potential or is a result of an overall increase in the number of mitochondria, we used JC-9 ratiometric dye. In CIN tissues knocked down for a candidate, we observed some cells with increased red signal (hyperpolarized mitochondria) and green signal (all mitochondria) suggesting an increase in the number of mitochondria along with increased membrane potential in some mitochondria of these cells (Supplementary Figure 4A ). An increase in mitochondrial number in oxidatively stressed cells with hyperpolarized mitochondria was confirmed using mitochondrially targeted GFP (mito-GFP) in sesB knockdowns (Supplementary Figure 4B) . Hyperpolarization is seen when mitochondria are overactive, and can lead to oxidative stress, 33 particularly if the mitochondrial number is also increased. Catalase was the only candidate knockdown that showed no change in TMRE staining in CIN cells (Figure 2h' ). This is consistent with the absence of Catalase expression in mitochondria; 34 its relevance for CIN cell survival is investigated further below.
Activation of the oxidative stress response Having observed aberrant levels of mitochondrial activity, we wished to test the cellular antioxidant response. We hypothesized that a robust antioxidant response might be particularly needed in CIN cells because CIN inevitably causes aneuploidy, and aneuploidy has been shown to generate redox stress. 35 Reduced glutathione (GSH) is the major antioxidant of a cell, produced in response to oxidative stress. 36, 37 ThiolTracker staining of wing discs from selected metabolic candidates showed that knockdown of candidates alone did not change the GSH signal, similar to the negative control RNAi (Figures 3a, d-j) . In contrast, knockdown of candidates in cells with induced CIN produced significantly higher levels of GSH compared with the negative RNAi control (Figures 3d'-j'), but similar to controls (ND42 and sesB, Figures 3b and c) that disrupt mitochondria to generate oxidative stress. 33, 38 These results indicated that metabolic candidate knockdown in CIN cells led to the activation of oxidative stress responses that were not seen in normal cells.
Generation of reactive oxygen species
The detection of increased mitochondrial activity in CIN cells depleted of our metabolic candidates strongly suggests that a major source of oxidative stress in these cells was likely to be ROS from the overactive mitochondria. 39 CellROX staining of knockdowns for the metabolic candidates alone showed no detectable level of ROS signal (Figures 4c and g ) above the control (Figure 4a ). In contrast, candidate knockdown in CIN cells showed a significant level of ROS signals (Figures 4c'-g') , similar to the positive control sesB (Figure 4b ) and clearly different from wild-type controls or metabolically unperturbed CIN cells at 25°C (Figures 4a, a' ). These results show that CIN cells are vulnerable to metabolic interventions that increase redox stress, and that this stress can be generated either by depleting normal antioxidant levels (for example, Catalase knockdown) or by metabolic interventions that drive mitochondria to generate ROS. CIN also causes oxidative stress We found that Catalase knockdown revealed oxidative stress and ROS production in CIN cells (Figures 3h' and 4f' ), but not normal cells (Figures 3h and 4f ). This suggested that the CIN cells are generating additional ROS, although not enough to be detected unless Catalase was removed. A plausible mechanism for the generation of this ROS in CIN cells is through the metabolic stress imposed by aneuploidy. If aneuploid cells survive, they typically show proteotoxic and metabolic stress, thought to be brought about by the gene dosage disruptions. 35, 40 If this model is correct, then a higher level of CIN and aneuploidy should generate significant levels of ROS by itself without the need for additional metabolic disruption. We have shown that mad2
RNAi at 25°C gives defective anaphases and a low rate of apoptosis without a detectable level of ROS or DNA damage (Figure 4a' 10 ). However, increasing the knockdown of mad2, either by increasing the temperature (30°C) or by overexpressing the RNAi enzyme Dicer2, resulted in significantly increased levels of ROS (Figure 4a" ), DNA damage ( Figure 5a ) and apoptosis ( Figure 5b ) compared with mad2 knockdown at 25°C. These results suggest that CIN does generate oxidative stress, although it is normally limited by cellular antioxidants such as Catalase. However, if the CIN level is increased or the antioxidants compromised, potentially damaging levels of ROS can result.
Oxidative damage Normal cells maintain the ratio between the generation and neutralization of ROS because increased ROS levels can lead to permanent oxidative damage to lipids, proteins and DNA. 41 ROS are known to cause double-strand DNA breaks, particularly in replicating cells. 42 Consistent with this, we see increased numbers of cells marked with the double-stranded break binding protein γ-H2aX when our candidates are knocked down in CIN cells (Figure 6a ). Some damage was seen in normal cells when Catalase was depleted, suggesting an endogenous level of ROS production, but this was greatly increased in CIN cells, consistent with our model for CIN causing ROS ( Figure 5 ). Because DNA breaks in CIN cells could be caused by non-oxidative mechanisms, 43, 44 we specifically tested for the formation of oxidative DNA damage. 8-Hydroxy-2′-deoxyguanosine (8-oxoG), is the most common oxidative damage caused in nuclear and mitochondrial DNA. 45 8-OxoG antibody staining was not increased relative to controls when either PASK or Mad2 were depleted alone ( Figure 6B-a') . However, elevated levels of 8-oxoG antibody staining in pask RNAi mad2
RNAi cells ( Figure 6B-b' ) confirmed the presence of oxidative damage to DNA, consistent with the generation of damaging levels of ROS in these cells (Figure 4) .
Elevated levels of ROS should also lead to lipid peroxidation, which we tested using the peroxidation state-dependent fluorescence (non-peroxidised: red; peroxidised: green) of BODIPY 581/591 -C 11 . Wing discs knocked down for a metabolic candidate alone (pask RNAi ) gave similar staining to wild-type controls. In contrast, knockdown of PASK in cells with induced CIN gave a significant increase in green fluorescence compared with wild-type controls (Figure 6c ). Similar increases were seen in positive control (ND42 RNAi ) and pro-oxidant menadione-treated discs (Supplementary Figure 5) , indicating the presence of oxidative damage to macromolecules as a result of excessive ROS generation. Oxidative damage is responsible for the death of CIN cells Previously we reported that knockdown of Pask in CIN cells resulted DNA damage and apoptosis, 10 and here we have seen that these are found with an increase in oxidative stress and ROS (Figures 2-4) . To assess whether oxidative stress was responsible for the observed cell death, we tested whether the cell death phenotype of pask RNAi mad2 RNAi could be rescued by overexpression of antioxidant enzymes (Figure 7) . Overexpression of Catalase, superoxide dismutase 1, superoxide dismutase 2 or glucose-6-phosphate dehydrogenase in pask RNAi mad2 RNAi discs significantly reduced the level of cell death (P-value o 0.001 for each). Taken together, our data indicate that metabolic changes can generate oxidative stress specifically in CIN cells that results in oxidative DNA damage and cell death. DISCUSSION CIN and abnormal chromosome numbers (aneuploidy) are frequent in solid tumors. 46 Aneuploidy can have a range of effects including aberrant cell growth, proliferation, proteotoxic and oxidative stress. 40 Survival through ongoing gain or loss of chromosomes requires adaptation to these stresses, making cellular stress responses a plausible target to induce cancerspecific apoptosis. However, as well as causing stress, CIN also generates massive genetic diversity, which could drive rapid evolution to select cells that can tolerate high-stress conditions. The question then is whether the constraints of high energy use, ROS generation, proliferation and ongoing genotoxic stress inevitably push CIN cells close to their tolerance threshold. In our experiments, we have found that the induction of CIN makes cells highly vulnerable to oxidative stress, showing DNA damage and apoptosis in response to metabolic changes that do not damage normal cells. Although some fraction of CIN cells may survive metabolic intervention, the rate of apoptosis generated in CIN cells by our metabolic knockdowns is high, and compares favourably with most of the alternative approaches to killing CIN cells that we have identified. 10 As with all therapies against a diverse cell population, targeting disparate pathways is likely to be most effective, and we have identified several including glycolysis, nicotinamide adenine dinucleotide phosphate (NADPH) production and antioxidant enzymes. Altered metabolism in cancer cells is thought to provide growth and proliferative advantages and can be specifically targeted to limit their adaptability against external and internal stresses. 47 Although CIN is known to be a highly adaptive feature of tumors, 16 our results suggest that CIN also places significant metabolic constraints on the cell in addition to those imposed by the demands of proliferation. The range of processes that we found to be sensitive to disruption in CIN cells included glycolysis, tricarboxylic acid cycle, fat metabolism, gluconeogenesis and oxidative stress responses (Table 1 ). Our data suggest that the CIN cells are sensitive to alteration in the cellular redox status or antioxidant capacity because they are already coping with elevated levels of stress. However, the increased levels of GSH and DNA damage we observed could have been a result of the onset of apoptosis rather than a cause of it. We have rejected this model because blocking apoptosis by p35 expression did not decrease the DNA damage levels seen in metabolically disrupted CIN cells (Supplementary Figure 6) . In addition, overexpressing antioxidant enzymes rescued the apoptosis in pask RNAi mad2
RNAi cells (Figure 7) , consistent with redox stress causing the apoptosis rather than the reverse. RNAi (en4mad2 RNAi ; UAS-dcr2) also gave ROS (a").
Cancer cells utilize elevated glycolytic flux and low tricarboxylic acid flux to meet their high energy and macromolecule demands with minimized oxidative stress. 12, 48 Many of the candidates that could be knocked down to kill CIN cells, affected glucose metabolism in some way (Table 1) , and those that we tested had a decreased ability to retain energy stores, suggesting an increased use of energy. This is not surprising for candidates such as PEPCK, which would be expected to reduce gluconeogenesis when knocked down. PASK knockdown gave a similar effect, suggesting that it may alter glucose usage in Drosophila similar to its role in yeast. 25 Our model, then, is that metabolic alterations that increase flux through glycolysis will tend to increase mitochondrial output. Consistent with this, we observed that in CIN cells, our metabolic candidate knockdowns gave elevated mitochondrial activity, both in terms of number and membrane polarization. In normal cells, the knockdowns did not give a detectable increase in membrane potential, which may reflect the degree of uncoupling available to deal with variation in flux. 39 However, cells with induced CIN 49 or aneuploidy 50, 51 have been shown to have increased glucose usage, which combined with the effect of our metabolic knockdowns was sufficient to overstimulate the mitochondria, with the consequent production of reactive oxygen species and oxidative damage that we observed.
Glucose metabolism not only provides energy, it also maintains the redox potential of the cell by producing NADPH, especially through the pentose phosphate pathway, which is used to maintain antioxidant levels. 27 G6PD is a key enzyme for NADPH production and we found that reduction of G6PD in CIN cells leads to oxidative stress, DNA damage and apoptosis. In this case, not only was glycolytic flux increased, causing ROS generation in the mitochondria, but also the cell's ability to counteract the ROS with GSH and Catalase was limited by the block in NADPH synthesis. Consistent with this explanation, G6PD levels are high in some cancers, 52 overexpression increases tumorigenesis 53 and its reduction sensitizes cancerous cells to radiotherapy and chemical oxidants. 54 We would predict that the significant human population with G6PD deficiency 55 may have some resistance to CIN tumors, although to our knowledge this has never been tested. 56 Similarly, reduced levels of PEPCK (a key enzyme of gluconeogenesis) in our CIN model also resulted in oxidative stress and damage, which led to apoptosis. Gluconeogenesis provides substrates for the pentose phosphate pathway, and knockdown of PEPCK results in low NADPH and reduced GSH levels. 57 Other sources of NADPH are malate and citrate 58 and depletion of the relevant enzymes (IDH or malic enzyme) in our CIN model also gives DNA damage and apoptosis. Malic enzyme is also overexpressed in tumors and its knockdown inhibits the progression of these tumors. 59 Our model for all of these enzymes is that the effect of excess glucose usage on mitochondrial ROS levels is compounded by a defect in antioxidant capacity, resulting in DNA damage and apoptosis in CIN cells that are already near their limits of oxidative tolerance. PASK has no previously described role in mitosis, apoptosis or tumor progression. Pask mutant mice have an increased metabolic rate and decreased lipid storage, 30 consistent with the lipid storage and mitochondrial phenotype enhancement we have observed in Drosophila. We found that Pask knockdown in CIN cells caused oxidative stress (Figure 2 ), increased mitochondrial membrane potential (Figure 3) , elevated ROS level (Figure 4) , which leads to oxidative damage to DNA (Figures 6a and b) and resulted in p53-dependent apoptosis. 10 These results suggested that induction of oxidative stress was the main cause of apoptosis, which was confirmed by rescuing apoptosis in pask RNAi mad2
RNAi cells by overexpressing antioxidant enzymes. Similar results were obtained when we reduced the level of the tumor-suppressor Wwox, which we have shown results in metabolic disruption that includes downregulation of PEPCK. 26 Although Wwox affects a wide range of metabolic targets, a null mutant for this gene, 26 like pask, 60 is viable and fertile, underlining the fact that these metabolic changes are within the tolerance range of normal animals, although lethal to CIN cells. RNAi or UAS-dcr2 mad2 RNAi . Error bars indicate 95% confidence intervals, n ⩾ 10 in all cases. P-values are calculated by two-tailed t-tests with Welch's correction: ***Po 0.001, **P o0.01.
The other main group of candidates identified by our screening relates to the oxidative stress response mechanism of the cell. The primary oxidative threat to cells is the production of reactive oxygen species. Superoxide is highly reactive and mainly produced in mitochondria where superoxide dismutase converts it to less reactive hydrogen peroxide. Hydrogen peroxide leaks into the cytoplasm where the Fenton reaction can convert it to highly reactive OH radicals that result in oxidative damage to DNA lipids and proteins. 61 Enzymes such as Catalase, Peroxiredoxins and Thioredoxin Peroxidase protect the cell from oxidative damage from peroxides. These antioxidant enzymes regulate pro-survival mechanisms in response to oxidative stress and can be targeted for cancer therapy.
62 Table 1 suggests that several antioxidant enzymes (SOD1, catalase, xanthine dehydrogenase/ oxidase, sulfiredoxin and peroxiredoxin) are required for CIN tolerance, which is consistent with the results showing that inhibition of SOD can kill Rad54 deficient CIN and colorectal cancer cells by inducing DNA damage. 63 DNA damage inducing drugs have been effectively used for cancer therapy, but with unavoidable side-effects. 64 Here we showed that by metabolic intervention we could induce oxidative stress and DNA damage only in CIN cells without damaging normal proliferating cells. Oxidative stress and stress response pathways are considered plausible targets for cancer therapy [65] [66] [67] and metabolic intervention that generates oxidative stress and cytotoxicity is currently in clinical trials for cancer therapy. 18, 20, 68 From our data we would anticipate that these approaches will be most successful on CIN-positive cell types because they suffer ongoing genomic disruption that pushes cell stress responses near to their limits of tolerance.
In summary, we have demonstrated that CIN cells are particularly sensitive to metabolic alteration. Metabolic disruption leads to high levels of oxidative stress in CIN cells, which are already managing elevated ROS levels (see Supplementary Figure  7) . Therefore, metabolic interventions are a highly effective way of killing induced-CIN cells without affecting normal dividing cells. This may represent a vulnerability of CIN tumors, which would be clinically highly desirable.
MATERIALS AND METHODS

Drosophila stocks
All stocks (Gal4 drivers, balancers, RNAi and overexpression lines) were raised and tested at 25°C, and unless otherwise noted, were obtained from the Vienna Drosophila Resource Center or Bloomington Stock Center. Stocks are listed in Supplementary Table 1. Viability screening was carried out by crossing candidate RNAi lines to a test stock expressing mad2 RNAi ubiquitously. The viability of offspring with both CIN and the candidate knockdown was compared to their siblings that had the candidate knockdown alone (see Supplementary Table 1) . 10 Nile Red staining for lipid storage To identify lipid storage levels, we used Nile Red staining on the fat bodies of third instar larvae. Candidates were knocked down using daughterless gal4 driver, and for starvation, approximately equal aged late-second instar larvae were selected and starved for 48 h at 25°C before dissection. Fat body tissue was dissected out in the Nile Red solution (2 μg/ml Nile Red (Sigma-Aldrich, St Louis, MO, USA), 1.2 μg/ml Hoechst33342 (Life Technologies, Carlsbad, CA, USA) and 75% glycerol in PBS) from normally fed or 48 h starved larvae and incubated for 30 min before mounting it on a glass slide. Fat depleted (no remaining Nile red signal) vs normally stained cells were counted using Axiovision software (Carl Zeiss, Gottingen, Germany).
Reduced GSH assay
Imaginal wing discs from third instar larvae were dissected in PBS, and then placed in 9 μM ThiolTracker for 20 min in the dark at room temperature. Discs were then quickly washed in PBS and briefly fixed in 3.7% formaldehyde for 5 min before mounting (80% glycerol) and imaging. For figures, a region (400 × 400 pixels) on an anterior/posterior boundary was cropped from a representative disc (from at least nine for each experiment shown, anterior half represents normal cells and the posterior half (engrailed driven) act as a tester region, used to determine the effects of candidate knockdown in CIN cells.
Mitochondrial stress
Imaginal wing discs from third instar larvae were selected and dissected in PBS. Discs were then incubated for 10 min in a 0.05 μM TMRE (Life Technologies) solution and washed for 10 min in PBS. Mounting and imaging was done similar to Acridine orange staining described previously. 10 For figures, a region (400 × 400 pixels) was cropped from a representative disc as described above. For JC-9 (Life Technologies) staining, the dissected discs were then incubated for 10 min in a 2 μg/ml solution of JC-9 and washed for 5 min in PBS before mounting. Mitochondrially tagged protein with GFP (mito-GFP) was used to quantitate the number of mitochondria. Imaginal wing discs from third instar larvae were dissected in PBS and then fixed for 20 min in 4% formaldehyde (Sigma-Aldrich) solution and quickly washed in PBS before mounting with 80% glycerol.
Oxidative stress assay
Oxidative stress in the cell was measured by the fluorogenic probe CellROX (Life Technologies) that detects reactive oxygen species (ROS) in live cells. Imaginal wing discs from third instar larvae were dissected in D22 media (pH 6.8), then placed in 5 μM CellROX in D22 media (D22 insect culture medium: pH 6.8) for 15 min in the dark at room temperature. Discs were then quickly washed in PBS and fixed in 3.7% formaldehyde for 5 min before mounting in glycerol for fluorescence imaging. For figures, a region (650 × 300 pixels) on an anterior/posterior boundary was cropped from a representative disc. This region is used because it avoids some of the background stain from thicker or folded parts of the disc and allows easier visualization of the signal.
Lipid peroxidation
Lipid peroxidation detection was carried out using C 11 -BODIPY 581/591 (Life Technologies). Imaginal wing discs from third instar larvae were dissected in PBS and then placed in 5 μM C 11 -BODIPY solution for 25 min in the dark at room temperature. Discs were then washed three times in PBS and fixed in 3.7% formaldehyde for 5 min. Fixed discs were then mounted using 80% glycerol. For figures, a region (400 × 400 pixels) was cropped from a representative disc as described above. For a positive control, C 11 -BODIPYstained discs were treated with 200 μM menadione (Sigma-Aldrich) for 20 min in the dark and washed twice in PBS before fixation and mounting.
Oxidative damage to DNA Oxidative damage to DNA was detected by using antibody staining against 8-hydroxy-2′-deoxyguanosine (8-oxoG) as well as staining of doublestranded breaks using a γ-H2aX antibody (Rockland, anti-P-H2AvD, Limerick, PA, USA). For figures, a region (400 × 400 pixels) was cropped from a representative disc as described above.
Immunostainings were performed on imaginal discs of third instar larvae (engrailed driven) using protocols as described. 10 Primary antibodies used were: rabbit anti-P-H2AvD (Rockland, 1:700) and mouse anti-8-oxoG (Abcam, 15A3 1:100, Cambridge, UK) for DNA damage, rabbit anti-cleaved caspase 3 (Cell Signalling, 1:100, Danvers, MA, USA) for apoptosis, secondary antibodies used were: goat anti-rabbit CY3 (Life Technologies, 1:100).
Quantification of DNA damage staining was done by counting and normalizing the number of γ-H2aX-positive cells as described previously. 28 Imaging for all the experiments was carried out on a Zeiss Axioplan2 microscope (Carl Zeiss) with AxioCam MRm camera (Carl Zeiss) using AxioVision software. RNAi ). The y axis shows the cell death signal normalized by subtracting the mean value of the wild-type (anterior) region from the mean value of the affected (posterior) region for each disc. Error bars indicate 95% confidence intervals, n ⩾ 8 in all cases. The cell death caused by Pask depletion in CIN cells could be significantly reduced by the co-expression of antioxidant enzymes: Calatase (Cat), superoxide dismutases (Sod1 or Sod2) or glucose-6-Pdehydrogenase (G6PD). P-values were calculated by two-tailed t-tests with Welch's correction: ***P o0.001.
